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ABSTRACT. The unusual gross morphology ol Cladonia leporina provided
the basis for carly lichenologists to classify it separately from other species
with red apothecia. Their hesitation to include C. leporina with other red-
fruited species was based on i1ts ascyphose. abundantly branched thallus.
which did not match the characteristic cup-shaped morphology ol species that
were known in the carly nincteenth century. Cladonia leporina was compared
by its author with C. rangiferina. which was later recognized within the genus
Cladina. The concept ol a group to accommodate all of the red-fruited taxa
in Cladonia arose during the nincteenth century. Its morphological parameters
were subscquently broadenced to include both branched and unbranched spe-

cies. Contemporary lichenologists have classitied C. leporina within section
Cocciferae. in which all of the Cladonia species with red apothecia are rec-
oenized regardless of morphology. Similar to other branched species with red
apothecia. the morphology and morphogenesis ol C. leporina suggest that

this species is allied with taxa outside ol section Cocciferae.
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Cladonia leporina Fr. 1s a locally abundant, endemic lichen in
the southeastern United States (Florida to New Jersey) and Cuba.
In most modern treatments (Ahu 2000; Evans 1947, 1952: Thom-
son 1967;) it has been placed within Cladonia section Cocciferae
(Delise) A. Evans on the basis of its red apothecia. In addition
to red apothecia (attributable to the presence of rhodocladonic
acid). the species that are classified within sect. Cocciferae gen-
crally possess a persistent primary thallus (basal squamules) and
unbranched. cup-forming (scyphose) podetia. However, these
characters are lacking in C. leporina. As carly as the nineteenth
century, lichenologists suspected that the highly branched, ascy-
phose podetium and evanescent primary squamules of C. leporina
suggested affinities with species outside of sect. Cocciferae. pos-
sibly outside of Cladonia Browne sensu stricto. However, most
later treatments overlooked the morphological anomalies ot C.
leporina and included 1t within sect. Cocciferae solely on the
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basis ol apothecial color. At present, sect. Cocciferae contains
species with a wide range ol morphologies that have not been
sutficiently documented. The primary objective ot this paper 1s
10 describe the morphogenesis of the fungal meristem in C. /e-
porowd. Meristem studies o Cladonia are relatively new (see
Hammer 2000, 2001a), but they provide insights into patterns of
vartatton and variabihity i this ditficult group of lichen fungi. A
second objective 1s to trace the early taxonomic history of .
leporina, with a focus on taxonomic applications that represent
conceptual shitts 1n the approach toward this and other lichen
species. The goal 1s to improve the currently accepted taxonomy
in Cladonia by presenting biologically relevant information based
on morphology and morphogenesis of the fungal meristem. While
the micromorphology ol this species was not considered by ear-
lier workers, theirr hesitatton to include 1t within section Cocci-

Jerae seems to have been an appropriate decision.

MATERIALS AND METHODS

Immature (mostly non-apothecial) specimens ol Cladonia le-
porinag were studied under the dissecting microscope and were
later prepared for scanning electron microscopy (SEM) as de-
scribed m Hammer (1995, 1996). Scanning electron microscopy
was performed at the National Muscum of Natural History
(Smithsontan Institution) on a Phillips 501 electron microscope
at 10-20 kv. Table | provides a hist of selected specimens studied.
A note on the termmology used i this paper seems appropriate.
The term “mernistem.” which 1s usually apphied to plants (sce
Barlow 1989) 15 used i a broad sense 1in this paper (see Hammer
2000, 2001a). It refers to the purely fungal tissue system that 18
usually (but not exclusively) found necar the apices ol Cladonia
lichens. It 1s called a meristem because 1t gives rise to the rest of
the hyphal cells of the podetium (see Hammer 1993). Similarly.
the term ““branch ™ 1s most appropriately applied to plant form
(see Bell 1991). Tt has also been used to describe lichen growth.
particularly the narrow, elongate structures that arise laterally or
apically from the erect. secondary thallus (podetium) in Cladonie
(seec Hammer 1997b).
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Table 1. Representative specimens of Cladonia leporina examined for
this study.

Specimen LLocality
Tucker 10118 (FH) Alabama
Evans 650 (FH) Florida
Hammer 7755 (FH) Florida
Hammer 7750 (FH) Florida
Rapp 15 (FH) Florida
Thaxter 158 (FH) Florida
Small s.n. (coll. 1894) (rH) Georgla
Sevmour & Earle 9195 (rH) MISs1SSIpp]
Evans 214 (FH) North Carolina
Ravanel s.n. (FH) South Carolina
Parks 21259 (FH) Texas
Luttrell 1904 (FH) Virginia
Imshaug 25324 (FH) CUBA
Wright s.n. (FH-TUCK) CUBA

RESUL TS

The podetia of Cladonia leporina are abundantly branched, but
in general the branches are mitiated closer to the base than 1n
species such as C. furcata (Huds.) Schrad. or C. crispata (Ach.)
Flot. Further, the branches of C. leporina lack the axial openings
that characterize most other branched species in the Cladoniaceac.
Branching in C. leporina can be traced to the ontogeny of the
fungal apical meristem. In particular, the initial patterns of mer-
1stem splitting are reflected 1n later branching morphology. The
meristem, which initiates and controls growth 1n C. leporina,
splits early and frequently during ontogeny. The indeterminate
number of branches at maturity and their varied orientation re-
flects early variations 1n filhal meristems. The asynchronous de-
velopment of separate meristems and torsion of the axis of growth
leads to further variability at maturity. Meristem sphlitting and
subsequent branching of the lichenized thallus 1s dichotomous but
not necessarily equal (Figures 1-4). After the meristem splits,
certain bundles develop faster than thewr filials, enlarging and
splitting before same-age bundles have developed apace (see mer-
iIstems labelled ¢ and ¢’ in Figure 5). In general, the meristem
splits dichotomously. However, the angle of divergence varies
among filial meristems and this tends to increase during ontogeny.
For example, the nitial meristem splits occur at relatively small
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Figures -4, Barly ontogeny ol Cladonia leporina (SEM). 1. Dichoto-
mous branchig with Iimited meristem sphitting. The left-hand branch system
(two meristems) shows an enlarging meristem below. 2. Two developing
branch systems from an mitial splhit (arrow). Right-hand branch system (three
meristems) 1s further developed than the left-hand branch system. which is
icompletely spht into two bundles. 3. Two well developed branch systems
separated by hichenized tissue (note loose network ol surlace hyphae). 4.
Advanced mernistem growth with several meristems on two branches. Note
that the meristems have split at vartous angles. All scale bars — 100 pm.

angles (Figures 1. 5). which increase during later growth (Figures
4. 5). As a result. the axis along which splitting occurs and the
orientation of filial bundles differ. In addition, torsion of the mer-
Istem occurs, leading to variable branch orientation later in on-
logeny (Figures 2—4). Further, a group of more or less same-age
branches may develop at various rates, resulting in the apparent
detormation of a roughly crrcular or ovoid grouping of meristem
bundles (Figures 6-9). The development of a roughly ovord api-
cal cluster 1s often accompanied by the exaggerated development
ol hichenized tissue below. In general. the meristems split and
develop slowly, while the tissue bencath them develops relatively
quickly. The result 1s an urn-like podetial shape that 1s narrow at
the apex and wider below (Figure 6). The meristem eventually
separates during ontogeny as the branches become longer (Figure
7). but the process of separating may be delayed so that branching
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Figure 5. Diagrams based on SEM photographs of Cladonia leporina
illustrating approximate angles ol meristem divergence among filials. Note

that the angle of divergence increases between older meristem filials. (7a™
indicates oldest filials). Scale bar ca. 100 pm.
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Figures 6-9.  Later meristem development in Cladonia leporina. 6. Por-
ton ol developing podetial apex. Meristems have split but remain clustered

around a central axis. 7. Later apical development with more or less same-
age (hhal) branches with meristems at various stages ol development. 8.
Further mernistem sphitting at podetial apex. Note underlying axis (lichen tis-
sue) and thick bases ol developing branches. 9. Developing apothecium (ar-
row) adjacent to immature branches that are tpped by meristem tissue (be-
low). All scale bars = 100 wm.

in certain parts ol mature podetia i1s indistinet (Figure 8). espe-
crally when observed macroscopically. In some podetia, the dif-
terence 1n rates of meristem development is highly pronounced.
and apothecia may develop on branches that are roughly the same
age as branches that are tipped by the immature meristem (Figure
2,

DISCUSSION

T'he branching ontogeny ol Cladonia leporina occurs through
vartous processes. Enlarging and splitting meristems are the ma-
jor lactors that mfluence morphogenesis of the branched lichen-
ized podetium, but other factors control the development of
branches as well. For example, torsion and synchronization influ-
cnce the outcome of form in C. leporina. In addition, the growth
and development of lichenized tissue immediately below the
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branches affects branching patterns and morphogenesis in this
species, similar to the pattern seen n the Australasian endemic
C. pertricosa Kremp. (see Hammer 2001b). Cladonia leporina 1s
characterized by branching. but cup-like or urn-like growths are
also present 1n this species. However, the development of cups
does not occur as described in Hammer (1993, 2000). Instead of
the cup forming from a single meristem that undergoes various
orowth processes, the cup-like form of C. leporina 1s a by-product
of relatively slow meristem splitting accompanied by the growth
of more massive supporting lichenized tissue. The cup-like shape
may be maintained by the mechanical force of the tissue benecath
the meristem, 1n contrast to other species in which the shape of
the cup 1s determined by the outward growth of a single toroidal
(donut-shaped) meristem. Thus, the cup of C. leporina 1s the
product of a developmental pathway that 1s distinct from other
Cladonia species. The cup in C. leporina 1s analogous, not ho-
mologous to cups n other Cladonia species. Thus C. leporina,
as described by early workers. 1s ascyphose when the morpho-
genesis of 1ts cups 1s compared to that of other Cladonia species.

Historically, the unusual morphology ol Cladonia leporina was
considered more important than its apothecial color in the taxo-
nomic placement of the species. When the species was first de-
scribed by Fries (1831), 1t was not classified among red-fruited
taxa, in which all the known species possessed cups. Fries was
equivocal about the placement ot C. /leporina and he compared
its morphology to Cladonia (= Cladina) rangiferina (L..) Nyl., a
branched species with brown apothecia. However, Fries stressed
the red apothecia (“"apothecns cocciners distinctissima™ ) of
leporina and he understood that they required some sort of tax-
onomic distinction. Fries sought a solution to the problem of
leporina within another morphological parameter based on the
characteristics of the primary thallus. His taxonomic system rec-
ognized two sections in Cladonia based upon the primary thallus
and 1ts morphology. Section | was characterized by a leaft-hke
(squamulose) primary thallus. He included four series within this
section based on apothecial color. However, he did not place .
leporina within the so-called Series 1V (Cocciferae), with the
other red-fruited species. Rather, he placed C. leporina in an am-
biguous position between his species number 210 (C. macilenta
Hoftfm.). which was the last species in Section I, and species
number 211 (C. rangiferina), the first of three species in Section
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[I. which was characterized by a crustose primary thallus. Fries
added to the ambiguous posttion ot C. /leporina by including 1ts
description in the paragraph that itroduced Section I1, but he did
not assign 1t a species number!

The diagnosis of Cladonia leporina—""Thallus horizontahs
crustaceco-granulosa, granulis i podetia abeuntibus. Podetia uni-
lorma, fruticulosa, ascypha, definite ramosa —was cluded 1n
ries™ description ol his Section 11, which he referred to the group
Pvcnothele of Acharius (1803). The three species 1in Section 1l,
C. rangiferina, C. uncialis (L.) Wiggers, and C. papillaria (=
Pycnothelia papillaria Dutour) were placed together on the basis
of therr crustose primary thallus. Thus in the case ot C. leporina.
Fries followed the traditton that was begun by Acharius, who
classified the species by morphology nstead of apothecial color.
Florke (1828) had also tollowed this tradition. For example. three
yvears betore C. leporina was described, he placed the red-fruited
C. incrassata Florke i the group Clavarae with species of similar
morphologies and various apothecial colors. While Acharius,
Florke, and Fries did not 1gnore the color ol the apothecium, 1t
did not take precedence over morphology 1in their systems.

By contrast, Delise (in Duby 1830) used color as a major tax-
onomic character. He erected the Cocciferae grouping within the
oenus Cenomyce (= Cladonia) to accommodate all of the species
with red apothecia together, irrespective of morphology. Nylander
(1858) adopted Delise’s approach, with a stress on color as the
deciding factor 1n the classificatton of many ot the species of
Cladonia. Tuckerman (1882) also based his classithication of Cla-
donia upon the color of the apothecia. However, he struggled to
accommodate the unusual morphology of C. leporina within his
system. Tuckerman recognized three series i Cladonia. He 1n-
cluded C. leporina as the last species (number 31) 1n Series 111
(Coccineae) taking care to compare its morphology to brown-
lrutted spectes 1n Series | (Fuscae). By referring to the group

Y

Fuscae, lTuckerman compared C. leporina to varieties of the
branched species C. furcata, icluding var. crispata (= C. cris-
pata). Tuckerman also mentioned the stmilarity between C. [e-
porina and C. rangiferina that Fries had observed. The monog-
rapher Vaimmio (1887) histed C. leporina as the last species (his
number 36) in the Cocciferae. tollowing C. cristatella Tuck. In
Vamio's taxonomy (it 1s noteworthy that he considered 1t to be a
phylogenetic arrangement), the species that followed C. leporina
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was the brown-fruited C. aggregcata | = Cladia aggregata (Sw.)
Nvyl.|. Like Fries, Vainio held an equivocal view of the placement
of C. leporina. He described 1t as “"ascypha,”™ which reflects the
aross morphology ol the highly branched podetium, but he in-
cluded 1t marginally within the Cocciferae.

Evans (1947, 1952) considered Cladonia leporina in several
papers. He compared 1ts morphology to species in the genus Cla-
dina as well as to Cladonia uncialis, a brown-fruited species with
characteristically perforate branch axils (largely absent in C. /e-
porina). While Evans placed C. leporina i the Cocciferae, he
proposed a new monotypic taxon (series Leporinae) to accom-
modate 1ts morphology (Evans 1938). Leporinae was unique 1n
that 1t was based on morphological characters while the other
croupings within Cocciferae were based solely upon color dif-
terences 1n the species. Thomson (1967) later included C. lepor-
(na as the final species in the Cocciferae but did not provide a
particular heading for 1t or any of the other red-fruited Cladonia
spectes. Ahti (2000) included €. leporina as one of 38 (alpha-
betically arranged) Cocciferae species in the neotropics. The
aroup delimited by Ahti shows a very wide range of morpholog-
ical characters. Many of the species are new to science and re-
quire further morphological study.

[l Cladonia leporina 1s to be included in sect. Cocciferae along
with other branched, red-fruited species such as C. cristatella (see
Hammer 1997¢), C. incrassata (Hammer 1997a), or the recently
described C. piedadensis Ahti (see Ahti 2000), then we may as-
sume a very broad range of morphologies within the group, which
has traditionally been circumscribed upon the basis of apothecial
color alone. Contemporary lichenologists have classitied C. /e-
porina within sect. Cocciferae, in which all of the Cladonia spe-
cies with red apothecia are recognized regardless of morphology:.
The underlying assumption of this classification system 1s that
taxonomically, chemistry and color are more important than mor-
phology 1n Cladonia. From a phylogenetic standpoint., this would
imply that the production of rhodocladonic acid, which results 1n
red apothecia, arose once in Cladonia and probably denotes a
monophyletic group. Following this assumption, morphological
or morphogenetic characters would perforce represent multiple
cvolutionary events. That certain morphologies arose a number
of times 1s a scenario that 1s difthcult to accept given the appar-
ently tight controls on carly morphogenesis in the Cladoniaceac
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(sece Hammer 2001a). Further hypotheses about monophyly
among Cladonia species have yet to be tested, but so few taxa
have been analyzed morphologically that pertinent information 1s
still lackige. Prehiminary molecular data (see Stenroos and De-
Priest 1998) support the hypothesis that the species in sect. Coc-
ciferae are related. but most of the species i the group have not
yel been studied. Perhaps more important, the genetic basis for
the production of rhodocladonic acid 1s unknown. Does 1t rep-
resent an autapomorphy that characterizes sect. Cocciferae’? Al-
ternatively, might sect. Cocciferae be more a product of the cog-
nitive biases ol taxonomists than biology? In other words. has
the case with which red apothecia are recognized contributed to
the taxonomic decision to classity the red-frutted species togeth-
er’? Most signthicantly. what are the genetic controls over mor-
phogcenesis in Cladonia tungt? In order to better evaluate the
taxonomy ol sect. Cocciferae and the Cladoniaceae in general.
future projects should undertake to examine the mherited path-
ways by which form and color are attained. This may help to
improve the state of our knowledge concerning the origin and
relationships ol the Cladoniaceae, which 1s sull quite vague. Untl
then, two considerations might be applied to the taxonomy of
Cladonia, with the goal of constructing more brologically relevant
oroupings within the genus. From a narrow perspective, C. le-
porina should be classified apart trom the Cocciferae. More
broadly. rather than struggle to classity C. leporina 1in a simlarly
arbitrary grouping, the problems of its taxonomy should serve as
a focal pomnt for reconsidering all of the subgeneric taxa i Cla-
dornia.
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